Introduction
H 2 storage in solids occurs by physisorption, chemisorption, and/or chemical reaction. Carbon-based materials have received considerable attention in the context of physisorption. [1] Sorption processes require porous materials with a large number of sorption sites per unit mass or volume of an adsorbent, in other words materials with high specific surface area (SSA) (either gravimetric or volumetric) accessible to the sorbate. Many carbon structures with high SSA are known: activated carbon, exfoliated graphite, fullerenes, carbon nanotubes (CNTs), nanofibers, and so forth. Investigations of H 2 storage in carbons as a function of SSA have been reported over the last three decades, and activated carbons with SSAs up to ca. 3000 m 2 g -1 have been produced. [2] Intuitively, H 2 adsorption on carbons comprised of graphene sheets should depend linearly on the SSA, and the concept has been generalized to CNTs and to carbons lacking graphitic short-range order. [1, 3, 4] The amount of reversibly adsorbed H 2 on nanostructured graphitic carbon at -196°C correlates to a SSA for a large number of materials ranging from nanotubes to activated carbon ( Fig. 1 ). It amounts to ca. 1.1 wt % per 1000 m 2 g -1 of SSA ( Fig. 1 ). [3] Since the SSA for two sides of a graphene sheet is 2620 [5] -2965 m 2 g -1 , [6] ca. 3 wt % appears to be the limit for low-temperature, ambient-pressure storage. This, along with low measured H 2 uptake at room temperature [3, 7] and numerous errors in the measurements of H 2 uptake by carbon nanostructures, has led to loss of confidence in carbon's potential for H 2 storage. This pessimism may have been premature. The data in Figure 1 were obtained from samples with different surface chem-Cryoadsorption is a promising method of enhancing gravimetric and volumetric onboard H 2 storage capacity for future transportation needs. Inexpensive carbide-derived carbons (CDCs), produced by chlorination of metal carbides, have up to 80 % open-pore volume with tunable pore size and specific surface area (SSA). Tuning the carbon structure and pore size with high sensitivity by using different starting carbides and chlorination temperatures allows rational design of carbon materials with enhanced C-H 2 interaction and thus increased H 2 storage capacity. A systematic experimental investigation of a large number of CDCs with controlled pore size distributions and SSAs shows how smaller pores increase both the heat of adsorption and the total volume of adsorbed H 2 . It has been demonstrated that increasing the average heat of H 2 adsorption above 6.6 kJ mol -1 substantially enhances H 2 uptake at 1 atm (1 atm = 101 325 Pa) and -196°C. The heats of adsorption up to 11 kJ mol -1 exceed values reported for metal-organic framework compounds and carbon nanotubes. istry, structure, and graphene curvature. While these differences are generally ignored, [3] it is well known in adsorption science that parameters other than the SSA may strongly influence the sorbent properties. [8] Figure 1 supports this statement by demonstrating large variations in H 2 storage capacities in samples with similar SSA. Clearly, in order to maximize the H 2 sorption at the desired temperature (T) and pressure (P) one needs not only to maximize the number of adsorption sites per unit mass and volume of the solid (which could indeed be proportional to SSA) but also tune the H 2 -solid interaction energy that would allow more sorption sites to adsorb H 2 molecules. Optimizing the adsorbent structure for increased adsorption per SSA is at least as important as maximizing the SSA. If all the pores in high SSA materials were filled with adsorbed H 2 , a very high gravimetric H 2 storage would be possible. Figure 2 shows the maximum possible H 2 uptake as a function of pore volume calculated for complete pore filling by either solid or liquid H 2 . Porous carbons with pores occupying 78 % or more of the volume (pore volume ca. 1.6 cm 3 g -1 ) could potentially exceed the long-term target of the US Department of Energy (DOE) of 10 wt % if the H 2 -C interaction were optimized. This observation justifies further studies on carbon materials to design efficient H 2 sorbents.
Gas adsorption takes place when the interaction energy between an adsorbate molecule and adsorbent is equal to the work needed to bring a free molecule to the adsorbed state at a given temperature. Most theories approximate the adsorbed state as the saturated pressure (P 0 ) state. At this approximation, for a given T and P one can calculate the work needed for an average molecule to be adsorbed. As such, one can either determine at what P most molecules get adsorbed when the interaction energy and T are known, or estimate the interaction energy for gas molecules to be adsorbed at the desired P and T. Surprisingly, little experimental research has been carried out on the parameters that influence the H 2 -sorbent interaction potential. There remains a lack of understanding of the relation between the surface chemistry, microstructure, and porosity of carbon and its interaction with H 2 molecules. There have been only a few systematic studies, mostly theoretical, of the effects of pore size on the carbon-H 2 interaction. [9] [10] [11] [12] [13] Very recent calculations [13] show that the heat of adsorption of H 2 on an "ideal" adsorbent should be ca. 15 kJ mol -1 , if both the delivery and storage is to occur at room temperature. This value is considerably higher than the average heat of adsorption of H 2 on activated carbons and CNTs (5-6.5 kJ mol -1 ), as well as on metal-organic frameworks (MOFs, 0-7 kJ mol -1 ).
We recently reported [14] the effect of pore size on the H 2 sorption and demonstrated an increased H 2 uptake in materials with smaller pores. In particular, we showed that a pore width of ca. 0.6 nm could be the optimum for H 2 storage. Here we present a detailed analysis of the mechanisms of H 2 storage to provide guidance for future material development.
The sorption experiments were performed mainly on porous carbons prepared by high-temperature chlorination of carbides, referred to as carbide-derived carbons (CDCs). [15] Our choice of this class of porous carbons was determined by the ability to finely tune the pore size distribution (PSD) by controlling the parameters of the synthesis process. [15, 16] In addition, CDCs are known to have a high SSA and tunable pore volume, and many of the precursor carbides are inexpensive. [15] The discussed properties of CDC make it not only a good material for fundamental studies, but also a promising candidate for gas-storage applications.
Results and Discussion

Structure and Porosity
Selective removal of metals from metal carbides results in the formation of porous carbon with a density lower than that of graphite. In the 1960s, CDCs were produced as a byproduct of metal chloride synthesis according to the reaction
where Me is a carbide-forming metal. At that time, CDC was considered to be an undesirable byproduct and it was periodically burned in the reactor to increase the chloride production rate. [15] The pore size of CDCs is influenced by the spatial distribution of carbon atoms in the precursor carbide, the synthesis temperature, the size of the chloride molecules, the presence of catalytic particles, and the effect of optional post-treatments, such as purification or activation. [15] Figure 3 shows the PSDs of CDCs derived from TiC, ZrC, B 4 C, and SiC chlorinated at different temperatures. A low temperature (< 600°C) generally results in very uniform pore size. The PSDs are narrower than those measured from single-walled CNTs (SWCNTs) and typical activated carbons and are comparable to zeolites. Increasing the synthesis temperature leads to pore enlargement and broader PSDs. Some samples were annealed in H 2 for 2 h at 600°C to remove residual chlorine trapped in nanopores during synthesis. This procedure resulted in increased SSA and micropore volume accessible to argon. Opening of small pores 
FULL PAPER
and shifting the PSD to smaller values was also generally observed (data not shown).
A gradual evolution of CDC structure as the chlorination temperature increases was revealed using Raman spectroscopy, X-ray diffraction (XRD), [17] [18] [19] [20] and transmission electron microscopy (TEM; Fig. 4 ). At low synthesis temperatures, CDCs consist of amorphous carbon with no distinguishable graphite fringes ( Fig. 4a ). As the synthesis temperature increases to about 800°C (Fig. 4b ), most CDCs (including those obtained from B 4 C, TiC, and ZrC) reorganize into highly curved single graphene sheets (fullerene-like structures). At even higher temperatures, curved thin graphite ribbons with an interplanar distance of ca. 0.34 nm appear in the TEM images ( Fig. 4c and  d) . Amorphous carbon is still present in these samples but in a considerably smaller quantity. In contrast to other CDCs, SiC derived CDCs remain amorphous up to 1200°C. [21] Changes in CDC microstructure are inherently connected to changes in pore structure. Amorphous structures formed at lower temperatures are clearly associated with uniform and relatively small pores, whereas graphitic ribbon network structures formed at higher synthesis temperatures are linked to less uniform and generally larger pores (compare Figs. 3 and 4 ).
H 2 Sorption
Plotting the H 2 adsorption capacity of carbon surfaces as a function of the average pore size [14] clearly defines the trend of increasing storage with decreasing pore size. However, the experimental data are scattered because materials with different PSDs may have the same average pore size. In order to separate the contributions of larger and smaller pores, we plotted the H 2 uptake as a function of volume and SSA of pores below and above 1 nm (Fig. 5 ) separately and found a linear increase for pores smaller than 1 nm ( Fig. 5a and b ). Small deviations from linearity occur in materials that have a high additional SSA associated with pores larger than 1 nm. A large volume of larger pores may contribute significantly at 1 atm (1 atm = 101 325 Pa), in spite of their lower efficiency. In a similar plot for H 2 uptake at 0.1 atm, where a stronger interaction is needed for H 2 adsorption and therefore the contribution from large pores should be further diminished, these deviations tend to disappear (Fig. 6) . In contrast, we find no correlation between the total H 2 uptake and volume and the SSA of larger pores ( Fig. 5c and d) . This supports our previous results [14] and also explains the origin of the large data scattering observed in Figure 1 . Comparison of the observed uptake and the maximum amount of H 2 able to fill all the pores less than 1 nm (solid line in Fig. 5a ), suggests that, independent of other parameters, smaller pores are nearly completely filled with adsorbed H 2 at -196°C and 1 atm. Smaller pores are clearly more efficient in H 2 sorption due to a stronger interaction with the H 2 molecules. The total interaction between the adsorbate molecule and a solid is greater if the molecule can interact with a larger number of surface atoms, as happens in small curved pores (Fig. 4a and b) or narrow slit pores. When 
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a molecule is located in a slit pore, the sorbate-sorbent interaction potentials from both sides of the pore wall overlap to a degree determined by the pore width. A good illustration is the known decrease of the threshold pressure for Ar adsorption with decreasing pore size. [8] While such an influence has rarely been discussed in papers on H 2 storage, the phenomenon is well known. In fact, nearly all gas-sorption theories employed in the software supplied with commercial instruments to derive PSDs from sorption isotherms take it into account. One should always expect a stronger interaction if the molecule is placed inside a small pore, as compared to a larger one, or to an exterior solid surface, such as the basal plane of graphite or the outer surface of a single nanotube.
The opening of additional small pores in CDCs by annealing in H 2 led to a higher H 2 sorption capacity, with values up to 336 cm 3 g -1 (3.0 wt %), as shown in Figure 7 . H 2 treatment increased the storage by as much as 75 % for some materials. This clearly shows the effect of pore accessibility on the sorption of H 2 by porous carbons. The superior performance of CDCs compared to that of SWCNTs, multiwalled CNTs, and MOF-5 at ambient pressure has been shown in the literature. [14] CDCs can store over 20 % more H 2 [23] ca. 2.48 wt % in MOF-505 [24, 25] ) and >several times that of CNTs (< 0.9 wt % [14] ). They also outperform the benchmark activated carbon ( Fig. 7) and low-temperature metal hydrides. [26] Since SWCNTs and most MOFs have a SSA comparable to or greater than CDCs, the observed uptake variations could be explained by the presence of a narrow distribution of small pores in CDCs. However, the strength of interaction between H 2 and the sorbent may be another important factor.
The heat of H 2 adsorption on CDCs calculated for selected materials characterizes the interaction between H 2 and carbon. Stronger interactions should result in a higher H 2 coverage of the sorbent surface, if H 2 sorption sites are available. Figure 8 demonstrates the experimentally observed increase in H 2 uptake at 1 atm and -196°C per surface area as the integrated average heat of adsorption grows, in agreement with theoretical calculations. [13] For H 2 adsorption at room temperature, a larger heat of adsorption is required due to the higher kinetic energy of ca. 3.6 kJ mol -1 and the larger work needed to adsorb an average molecule. So far, CDC heats of H 2 adsorption noticeably exceed those of MOFs, CNTs, and activated carbons ( Fig. 9 ). Selected sorption sites in the CDC demonstrated H 2 heat of adsorptions in excess of 8 kJ mol -1 . To the best of our knowledge, Figure 5 . H 2 uptake at 1 atm and -196°C versus volume and SSA of pores below (a,b) and above (c,d) 1 nm. While a larger volume of smaller pores was seen to increase H 2 storage almost linearly, no correlations were found between the volume or surface area of larger pores and H 2 capacity of CDCs. Solid line in (a) corresponds to the maximum amount of H 2 that could be stored in pores less than 1 nm, assuming H 2 density = 0.071 g cm -3 (liquid H 2 density). The SSA was calculated using the NLDFT method. 
such high experimental values have not been reported for carbon-based adsorbents before. [27] CDC with smaller pores systematically shows a considerably stronger C-H 2 interaction. While we observed a correlation between the H 2 adsorption and pore size in CDCs, we cannot exclude the possibility that other parameters of carbon microstructure, such as pore shape, degree of disorder, or internal surface chemistry, may influence sorption properties as well. For a given pore size (minimum pore dimension), cylindrical and spherical pores may result in a different total sorbate-sorbent interaction compared to slit-shaped pores. In addition, different sorption sites may exhibit variations in interaction potentials due to differences in the arrangement of neighboring atoms or directionality and type of bonding. It is well known that graphite orientation strongly influences its ability to adsorb electrolyte ions on the surface: edge planes of graphite exhibit up to 70 times higher specific capacitance compared to the basal planes under identical conditions. [28] Gas sorbates may exhibit similar site or orientation dependence. In addition, surface functionalities, impurities, or dopants are more likely to be attached to the edges of the graphitic planes. Greater disorder (higher percentage of carbon edge atoms) may result in a stronger influence of carbon surface chemistry on H 2 sorption properties. While some carbon nanomaterials such as CNTs mostly have basal planes of graphite exposed to a sorbate gas, highly porous activated carbons and CDCs exhibit a high percentage of edge plane atoms available for H 2 sorption. The presence of tracemetal atoms in CDC of up to 0.5 at % could also potentially play a role in H 2 uptake and heat of adsorption, as theoretically predicted and demonstrated in several recent publications. [29, 30] In general, our results are in fairly good agreement with literature data for activated carbons. [3, 31] Porous carbons with a large volume of small pores show a high uptake of H 2 , while carbons with a high SSA, but larger pores demonstrate a moderate H 2 capacity. On the other hand, differences in chemical composition and structure between CDC and activated carbons may cause some differences in the H 2 heat of adsorption and storage capacity.
While high gravimetric H 2 uptake can be achieved in CDC, it is important to underscore CDCs principal advantage in volumetric uptake of H 2 compared to all other carbons. All powdered, pelletized, or pressed activated carbons contain 40 % or more of macropores as space between micrometer-sized particles, which cannot contribute to storage by physisorption. Conversely, CDCs produced from bulk ceramics [32] have no macroporosity, thus, almost 100 % of the pore volume contributes to H 2 storage. Volumetric capacity enhancements of about 40 % can be realized compared to other carbons with the same micropore size/volume. Thus, gas tanks filled with densely packed CDC plates or bricks may provide the maximum volumetric storage of H 2 . The 0.8 g cm -3 density of the bulk CDC with 3 wt % gravimetric capacity translates into 24 kg m -3 volumetric capacity.
Conclusions
Optimized CDCs have the potential to meet the needs of a H 2 economy. CDCs with gravimetric H 2 storage density up to 3.0 wt % and volumetric density up to 24 kg m -3 at 1 atm pressure and -196°C, have demonstrated a higher volumetric and gravimetric storage capacity compared to benchmark activated carbon, MOFs, SWCNTs, MWCNTs, and low-temperature metal hydrides. These values are believed to be due to smaller average pore size and higher average heat of H 2 adsorption in selected CDC samples. Considering that less than half the total CDC pore volume accessible to argon is currently used by H 2 at ambient pressure, there is great potential for increased storage density by increasing pressure or by further tuning the PSDs. While small pores (1 nm or below) are efficient for H 2 sorption, pores above 1 nm do not contribute much to the storage of H 2 at ambient pressure and liquid-nitrogen temperature.
Experimental
Material Synthesis: We synthesized CDCs from commercially available powders of B 4 C [17] , ZrC [18] , TiC [20] , and SiC [19] at various temperatures in the 400-1200°C range. TiC, ZrC, and B 4 C with an average particle size of ca. 2-4 lm were obtained from Alfa Aesar, while b-SiC powder with an average particle size of ca. 2 lm was obtained from Superior Graphite. Chlorination experiments were performed on as-received samples using high-purity chlorine (BOC Gases, UHV grade) and argon (BOC Gases, UHV grade) as reactive and purging gases, respectively. For CDC synthesis, selected carbide powder was placed onto a quartz sample holder and loaded into the hot zone of a horizontal quartz tube furnace. The tube was Ar purged for 30 min before heating at a rate of ca. 30°C min -1 to the desired temperature. Once the desired temperature was reached and stabilized, the Ar flow was stopped and a 3 h chlorination began in Cl 2 flowing at a rate of 10 sccm. After completion of the chlorination process, the samples were cooled down under a flow of Ar to remove residual metal chlorides from the pores, and taken out for further analyses. In order to avoid a backstream of air the exhaust tube was connected to a bubbler filled with sulfuric acid. A detailed description of the chlorination apparatus used in this study can be found in the literature [15] . A sample of IRH33 activated carbon from the Institute for Hydrogen Research of the University of Quebec was used as a benchmark material. It was tested in a Round Robin organized by the US DOE and is similar to AX-21 [27] .
Characterization and H 2 Sorption Measurements: The structure of the CDC was investigated using high-resolution transmission electron microscopy (HRTEM). The TEM samples were prepared through using a 2 min sonication of the CDC powder in isopropyl alcohol and deposition on the lacey-carbon-coated copper grid (200 mesh). A fieldemission transmission electron microscope (JEOL 2010F, Japan) with an imaging filter (Gatan GIF) was used at 200 kV.
Porosity and H 2 sorption properties of CDC were studied using an automated micropore gas analyzer Autosorb-1 (Quantachrome Instruments, USA). The Ar sorption isotherms collected at liquid-nitrogen temperature (-196°C) were analyzed using the Brunauer-Emmett-Teller (BET) equation and nonlocal density functional theory (NLDFT) [33] [34] [35] [36] [37] [38] to reveal the SSA and PSDs of CDC. Quantachrome's data reduction software Autosorb v.1.27 [31] was employed for these calculations. The weighted pore size of the CDC was calculated from the PSD using numerical integration of: where w is the pore width and V is the differential pore volume. H 2 sorption measurements were performed at -196°C and selectively at liquid-argon temperature (-186°C). The gravimetric storage density of H 2 (wt %) was defined as (q Hydrogen · m Hydrogen · 100), where q Hydrogen is the H 2 density; m Hydrogen is the volume of H 2 adsorbed at -196°C and 1 atm in a unit mass of CDC. This definition is currently very common in publications on H 2 sorption, but it gives slightly higher values compared to the one where the mass of adsorbed gas is normalized by the total mass of the adsorbent/adsorbate system. The density of bulk CDC was defined as the mass to geometrical volume ratio. To reveal the influence of pore size on the H 2 -carbon interaction, H 2 sorption measurements on a series of CDC samples at both cryogenic temperatures were analyzed using the Clausius-Clapeyron equation [8, 37, 38] : 
